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Pulse and Impulse in the Sinus Node
Thomas N . James, M . D . *

Recent experiments at the Henry Ford Hospital indicate that a relationship
exists between pulsation in the sinus node artery and impulse formation by the
sinus node. This paper describes the experiments and presents anatomic, physiologic and pharmacologic evidence along with observations that should interest
the physicist and mathematician, as well.

Although the sinus node was identified as an anatomic structure over half a
century ago,' details of its internal function have remained much of a mystery. Paradoxically, its ultimate purpose of providing a stable and appropriate rhythm for the
heart is one of the simplest phenomena to observe experimentally. Through such observations physiologists have learned a great deal about extrinsic (extracardiac) factors
which can influence heart rate. More recently, intracellular recording technics have
been employed to study the membrane action potential of pacemaking cells, to determine
the response of this potential to a variety of influences, and to compare the potential
of pacemaking cells with that of other myocardial c e l l s . W i t h electron microscopy it
has been possible to identify certain cells within the sinus node which are probably the
site of actual pacemaking activity.'"" Despite these important studies of the sinus node,
however, there remains the major question of how the many separate intrinsic pacemaking cells and the extracardiac regulating influences are integrated into a constantly
functioning biologic unit of almost incredible efficiency.
In the embryo, pacemaking activity can be identified in the cardiac primordium
before the pacing area has developed either innervation or specific vascular activity."
Experimentally, one can excise the sinus node and under appropriate conditions it
will continue to beat. There is no question, therefore, that impulse formation within
the sinus node is an inherent property of the structure, and that neither innervation
nor normal blood supply (as later develops) are essential for this function. This has
too often led to an oversimplified thought of the sinus node as a local collection of
somewhat primitive myocardial cells which have a high order of spontaneous rhythmicity. The actual facts are to the contrary: in the mature heart the cells of the sinus
*From the Section on Cardiovascular Research.
This work was supported in part by grants from the U.S. Public Health Service (National
Heart Institute; H-5197 and H-7108) and the Michigan Heart Association.
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node are intricately arranged,""" with a special innervation""^" and blood supply.^' In
man and the dog, the node itself is organized about a disproportionately large central
artery, which has led Soderstrom" aptly to describe the sinus node as resembling an
enormous adventitia of its artery.
Because the centrally located artery of the sinus node appears too large to serve
only for a nutrient function, the possibility of another functional relationship has been
postulated on anatomical grounds'""" and studied experimentally.""" The purpose of
this report is to present the evidence for a significant relationship between pulsation in
the sinus node artery and impulse formation by the sinus node. This relationship
is visualized as a servomechanism in which each stroke output by the left ventricle acts
to influence the generation of the next pacemaking impulse. Although it is unquestion-
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Figure 1
These two photomicrographs illustrate the organization of the normal human sinus node about
a large central artery (arrow). In addition to the main sinus node arterv, note in cross section the
much smaller nutrient branches to the node. In each the superior vena cava extends to the left and
the free right atrial wall to the right. Epicardium is above. The large rounded mass ot myocardium
is the crista terminalis (CT). A is stained with Goldner trichrome and B with Verhoeff-Van Gieson
elastic. The raiUimeter bar indicates the magnification for both A and B.
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Figure 2
A schematic drawing demonstrates the relationship of the sinus node to its central artery and the
pattern of the nutrient branches. The window-cut is made approximately corresponding to the
sections shown in Figure 1.

able that impulse formation by the sinus node
of the artery, evidence will be developed to
circumstances the pulse in the sinus node artery
sinus rhythm less susceptible to suppression or

can occur independent of any activity
indicate that under most physiologic
acts as a stabilizing mechanism making
disorganization.

Method
Pertinent Anatomy. In most vertebrates the sinus node is located near the
junction of the superior vena cava and lateral wall of the right atrium. Both the
location and internal structure of the sinus node are quite similar in man and the dog.
The node is distinctly organized about a disproportionately large central artery (Fig. 1),
which is nearly always the largest single atrial artery. Small branches leave this artery
at right angles (Fig. 2, 3) to furnish the blood supply nourishing the node, but the
main vessel forms the core of the node itself. An interesting point of uncertain significance is the absence of cholinesterase in the wall of this artery, although the node is
exceptionally rich in this enzyme.™" Both in man and the dog the sinus node artery
(Fig. 4) originates from a main coronary artery.'' The proximity of the sinus node
artery to the root of the aorta places it in an ideal anatomical location to serve as a
sensing device for central aortic pulse and pressure. Veins draining the sinus node
enter directly into the right atrium, making the entire combined arterial and venous
circulation for the sinus node, from central aorta to right atrium, quite short. A number
of examples of arteriovenous fistulae through the sinus node artery have recently been
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Figure 3
These two vinylite casts of human hearts illustrate the location of the sinus node artery (arrows)
between the superior vena cava (SVC) and right atrium (RA), and in both the right angle
branching of its nutrient supply to the node is shown. These two photographs and the ones in
Figure 4 are adapted from originals in The Anatomy of the Coronary Arteries''-^ and are reproduced
with permission of the publisher.

reported."" Development of such fistulae may be attributable to the short total length
of artery and vein in this region with a sharp gradient of pressure between the two ends,
and further indicates the critical vascular location of the node.
Internally, the sinus node is composed of a dense collagen framework, which
forms a sort of cuff about the artery. The abundant collagen of the adult human
sinus node is acquired gradually with age, the node of infants containing relatively
little collagen (Fig. 5). Within this collagen frame lie interweaving bundles of fibers
which are of smaller diameter than ordinary myocardium. These fibers contain certain
cells of special appearance (P cells) which are thought to be the site of impulse origin.'^
The sarcoplasmic reticulum of P cells is scanty, but there is active pinocytosis
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Figure 4
The origin of the sinus node artery directly from a main coronary trunk is shown in these vinylite
casts of human (A) and canine (B) hearts. In each the sinus node artery is indicated by the short
broad arrow and the approximate location of the node by the curved arrow. SVC is superior vena
cava, RAA right atrial appendage and RV right ventricle.

in the plasma membranes. Both on light microscopy and electron microscopy the cells
of the sinus node are directly attached to the collagen framework,' '"-" which in turn
is directly attached to the large central artery. Because of the dense collagen frame
of the sinus node, it seems unlikely that atrial dilatation which stretches ordinary atrial
myocardium will significantly affect the node, although this is possible.
Experimental Technic. The canine sinus node artery originates from the distal
third of the right coronary artery in about 90% of instances,""^' whereas the human
sinus node artery originates from the proximal right or left coronary artery with approximately equal incidence.'"'^' The more frequent origin from the right in the dog
makes the location of the sinus node artery highly predictable, and simplifies design
of experiments utilizing its cannulation. Because the collateral circulation of the canine
sinus node is exceptionally extensive, ligation of the sinus node artery in the course of
its cannulation does not alter sinus rate or r h y t h m . " " " Collateral arterial flow into
the node occurs principally from the opposite side to that entered by the sinus node
279
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Figure 5

These three photomicrographs illustrate the internal relationship of the sinus node to its central
artery in hearts of human adult (A), human infant (B) and dog (C). The similarities are obvious.
The important difference is the lesser amount of collagen in the infant (B). The millimeter bar
indicates the magnification used in all three, and all are stained with Goldner trichrome.
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Figure 6
In this polygraph the time relationship and optimal configuration of the pulse in a ligated sinus
node artery (SNA) are shown from an experiment in an open-chest anesthetized dog. In addition
to the recording from a cannula in SNA, others are from right atrium (RA) with a cannula placed
via the jugular vein, and from central aorta (Ao) with a cannula through the femoral artery. The
electrogram was recorded with a wick electrode placed over the sinus node. Pressures are scaled
in mm Hg. The four intercepts indicate onset of P wave, QRS complex, retrograde pulse in the sinus
node artery, and central aortic pulse. Note the similarity of the SNA pulse to pacemaker membrane
action potential.

artery, so that the node lies between the tip of the cannula in the sinus node artery and
the source of most collateral circulation; this point is of importance relative to certain
experiments in which observations were made on the retrograde pressure in the ligated
and cannulated sinus node artery."""
Cannulation of this artery permits direct perfusion of the node with small volumes
of test substances (usually 2 ml) which produce specific effects only on the node
and a small area of adjacent atrial myocardium. Because of the small volumes employed,
recirculation through venous drainage is associated with an immediate 500-fold dilution of the test injection, considering the average blood volume of a 10 kg dog as about
1000 ml. All the observations to be described were made in anesthetized (sodium
pentobarbital, 30 mg/kg intravenously) open-chest, artificially ventilated dogs.
Utilizing this technic, two related hypotheses will be considered: 1. That the
rate of sinus impulse formation is inversely proportional to the diameter of the sinus
node artery. 2. That pulsation in the sinus node artery influences impulse formation
281
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by the node. For these considerations it is pertinent to note that retrograde pressure
in the ligated sinus node artery of the dog is usually between 40 and 80 mm Hg, but
is not infrequently over 100 mm Hg and virtually equal to central aortic pressure. A
pulse which is recorded from this cannulated artery is due to isovolumetric atrial
contraction,"'" slightly precedes the A wave of the right atrial pulse, follows the
P wave of an atrial electrogram, and is clearly dissociated from aortic or antegrade
coronary arterial pulses (Fig. 6 ) . When the retrograde pulse in the sinus node artery
is undamped and of optimal quality, its configuration bears a surprising resemblance to
the membrane action potential curve from pacemaker cells; the significance of this
resemblance is not presently known.
Special experiments to examine the effect of an artificially controlled pulse in the
sinus node artery were designed as follows; After cannulation of the sinus node artery,
an artificial pulse was delivered into the artery from a pump (Model 1405, Harvard
Apparatus Co.). Stroke rate could be varied from 0 to 220/min, and the stroke
volume delivered from a piston pump (syringe) could be varied from a fraction of a
milliliter to over one milliliter. With increased resistance to pump output, as when it
was attached to the small (1.0 mm outside diameter) polyethylene cannula in the
sinus node artery, stroke volume fell off markedly but inconsistently. By measuring
the amount of injectate delivered from the reservoir (a graduate cylinder) to the
sinus node artery by the pump at various stroke rates, it was determined that most
stroke volumes in the experiments for rates between 100 and 200/min were less than
0.1 ml, but more precise measurements were not possible. For the practical purpose
of determining that fluid was actually going from the pump into the sinus node artery
with pulsatile drive, the best indicator was seeing the blood in the cannula being
cleared into the sinus node artery progressively with each stroke of Ringer's solution
from the pump.
Pulsatile pumping into the sinus node artery was recorded from a transducer
connected through a T-joint to the line from the pump to the sinus node artery. It had
previously been determined that the antegrade pulse and pressure in the sinus node
artery closely resemble that in aorta," as is true of most coronary branches." Throughout each experiment, except during pumping into the sinus node artery, the retrograde
pressure and pulse in the ligated artery were constantly recorded. Central aortic pressure and right atrial pressure were also recorded routinely, along with an ECG
(electrocardiogram) and tachogram, the latter derived from each successive RR interval
with a small analog computer. Routine recording on a direct-writing multichannel
polygraph was with paper speed of 0.25 mm/sec, but pulse contours and ECG
configuration were simultaneously monitored on a four-channel oscilloscope with sweep
speeds of 25 or 50 mm/sec. Since the maintenance of normal sinus rhythm or change
therefrom were points of critical importance, an ECG was constantly recorded throughout each experiment via a slave circuit to a separate single-channel electrocardiograph;
this record was collated with the master polygraph and permitted determination of such
cardiac mechanisms as rhythm or conduction at any point during or after completion
of the experiment.
282

Pulse and Impulse in the Sinus Node

Figure 7
These two experiments in the same Qug demonstrate the inverse relationship between pressure in
SNA and heart rate (HR, tachogram at bottom of polygraph) during stimulation of the right stellate
ganglion (RS) and cervical right vagus (RV). Pulsatile pressures and abbreviations are the same
as in Figure 6.

Results
Distention of the sinus node artery produces a sinus bradycardia during direct
injection into it and is followed by a brief post-injection acceleration." The same slowing
response occurs with either Ringer's solution or fresh warm autogenous arterial blood
and is not considered due to the unphysiologic temperature, pH, oxygen content or
ionic composition of the injectate; it occurs unchanged after vagal blockade or vagotomy. The post-injection acceleration can be eliminated with blockade of adrenergic
beta-receptor activity""^' and is presumably mediated by the local release of catecholamines. This phenomenon has now been observed with several thousand injections in
over 600 dogs.
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Stimulation of the right stellate ganglion produces sinus tachycardia which is
associated with a decreased pressure in the sinus node artery, independent of simultaneously recorded pressure in the central aorta (Fig 7). Since the original description
of this phenomenon based on observations in 10 dogs" sim.ilar responses have now been
produced in over 150 dogs. This response is interpreted as due to a decreased caliber
of the sinus node artery during tachycardia following adrenergic stimulation. Since
the decreased retrograde pressure during sinus tachycardia does not occur in right
atrial arteries not supplying the sinus node, nor in ventricular arteries, it cannot be due
to decreased collateral coronary flow simply as a consequence of tachycardia. An
identical decrease in retrograde sinus node artery pressure occurs during tachycardia
due to administered norepinephrine or isoproterenol, either intravenously or directly
into the sinus node artery. Intranodal administration of beta-receptor blocking agents
eliminates both the sinus acceleration and the decreased retrograde pressure during
stellate stimulation.''^'
Stimulation of the right vagus nerve produces sinus bradycardia or arrest, and
an associated progressive increase in retrograde pressure in the sinus node artery"
(Fig. 7). Observations on cholinergic influences on the sinus node and its artery now
include experiments in over 200 dogs. Intranodal administration of acetylcholine has a
prompt but extremely transient chronotropic effect, disappearing virtually as soon as
the injection is completed;" retrograde pressure changes associated with this are inconsistent. When eserine is utilized to inhibit nodal cholinesterase activity, however,
the associated bradycardia is long-lasting and is consistently accompanied by an increased retrograde pressure in the sinus node artery."" Termination of eserine-induced
bradycardia with either intranodal or intravenous atropinization, or with intranodal
hemicholinium, is associated with a simultaneous immediate shift in retrograde pressure
to normal or subnormal levels, independent of changes in central aortic pressure, which
are usually in the opposite direction (increased).
Each of the preceding examples is interpreted as an inverse relationship of sinus
rate and level of pressure in the ligated sinus node artery: tachycardia being associated
with decreased caliber of the intranodal artery, and bradycardia with an increased
caliber. It has previously been suggested that the functional mechanism of this relationship may be through stretch or relaxation of sinus nodal fibers, since the dense
collagen frame of the node is placed like a cuff about the artery. I f the sinus node
were considered a compartment which included the artery (and attached to i t ) , the
interwoven framework of collagen and nodal fibers may be relaxed when the artery
expanded and be made more tense when the artery constricted. The plausibility of this
conjectural interpretation is supported by experiments which have demonstrated that
the stretching of pacemaking tissues increases their rate of impulse formation, while
relaxing them decreases the rate."""
It is known that both adrenergic and cholinergic neurotransmitters have a direct
effect on pacemaking cells both in vivo and in vitro,^"'"""'"' which is independent of
any possible relationship to any artery. The effects of these same substances on the
artery, however, may result in a secondary influence which serves to stabilize sinus
rhythm or to make rate changes less abrupt.
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Figure 8
Entrainment of the sinus
node by an artificial pulse
delivered into its nutrient
artery is illustrated in
these two experiments
from different dogs. The
upward entrainment lasts
as long as the artificial
pulsing and sinus rale
then returns to control
levels when the artificial
pulse is stopped. Duration and rate of the pulsatile pumping is indicated by the arrows in
the SNA channel. Between periods of pumping the retrograde pressure in SNA is recorded.
In the panel on the left
entrainment of the sinus
node was almost exactly
to the level of the pump
rate, but in the right
panel there was less
complete entrainment.
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While the preceding observations pertain to a modulating effect exerted by the
caliber of the artery on the node's rate of impulse formation, the following data
pertain to a beat-to-beat effect of individual pulsations in the artery. Nineteen dogs
were studied in the experiments with pumping directly into the sinus node artery. In
all 19 it was possible to slow the sinus rate with an artificial pulse slower than the
intrinsic rate. However, the stroke volumes necessary to achieve this effect were such
that an injection bradycardia of the type also seen with nonpulsatile direct injections
into the artery seemed the more probable mechanism, rather than the slow stroke
rate of the pump. Nevertheless, the fact remains that artificial pulsatile pumping into
the sinus node artery at a slow rate was associated with slowing of the sinus rate for
as long as the pumping was continued, up to five minutes.
More important to the concept of a significant influence on pacemaking by an
artificially controlled pulse was the fact that in 11 of the 19 dogs it was possible to
entrain the sinus node upward to rates above control levels with a pump stroke rate
higher than that of the node (Fig. 8). In most of the eight dogs in which this was not
possible there were various technical difficulties. Entrainment was never up to the
exact level of the pump's stroke rate, but was significantly above the control rate of
the sinus node, began within a few seconds after pumping was begun, and lasted as
long as the pumping was continued, up to five minutes. Because both the control rate
of the sinus node varied (from 120 to 170/min in various dogs) and the increment
of upward entrainment varied (from 10 to 40 beats above control rate), it is not
possible collectively to quantify these responses meaningfully. The significant point
is that upward entrainment was possible at all, and that it lasted for the duration of
the faster artificial pumping.
Upward entrainment of the sinus node was accomplished in all 11 dogs with
Ringer's solution. In 3 of these 11 dogs in which it was tried, a similar entrainment
was possible in each with artificial pumping of fresh warm autogenous arterial blood
from the dog's own femoral artery (Fig. 9), thus establishing that entrainment was
not a consequence of the utilization of Ringer's solution alone. A vagolytic action from
pumping seemed improbable, but the possibility was excluded when entrainment was
accomplished in four dogs with equal facility before and after intravenous atropinization (1 mg/kg). Delivery of the exact same volume of injectate into the sinus node
artery over a period of the same lapsed time, and at approximately the same mean
injection pressure, with a constant infusion (non-pulsatile) pump produced only an
injection bradycardia in five dogs in which pulsatile pumping previously and subsequently produced upward entrainment (Fig. 10). For each dog there was a critical
stroke volume, which could be set by trial and error, to produce effective entrainment;
smaller stroke volumes at the same stroke rate had no significant effect on sinus rate
or rhythm, while larger stroke volumes led to bradycardia because of distention of the
sinus node artery (visible during the experiment and apparent from increasing pressure recorded from the sinus node artery). This critical level of stroke volume was
usually the minimum amount necessary to clear blood from the sinus node artery
cannula progressively with each pump stroke. The temperature of the injected Ringer's
solution was carefully maintained at the same temperature as the dog in four experi286
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Figure 9
In this experiment the dog's sinus node was entrained with pulsatile pumping of fresh warm autogenous arterial blood. Both the entrainment and the return to control rate are more gradual with
blood than with Ringer's solution, and may be attributable to the greater viscosity of blood and
its effect when pumped through very small polyethylene cannulae.

ments (four dogs) and the same entrainment occurred as in the remaining experiments
with injections of Ringer's solution at ambient temperature.
A mechanical stimulus to myocardium can produce premature beats or even a
regular ectopic rhythm."* Because of the possibility that artificial pumping into the
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A comparison between constant flow and pulsatile pumping is demonstrated in these two experiments from different dogs. Non-pulsatile pumping at comparable pressures and flow rates failed to entrain the sinus node, in dogs in which pulsatile pumping had succeeded. In the left panel
only slowing of the sinus node during injection (constant flow pumping) is seen. In the right panel the sinus node was entrained by the faster
artificial pulse initially, but could not be entrained during constant flow (CP.). During pulsatile pumping the stroke volume was slightly increased at the point indicated by the asterisk, and effective upward entrainment of the node occurred only with this larger stroke volume.
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Pulsatile pumping into a right atrial artery (RAA) not supplying the sinus node fails to have any
effect on sinus rate in the left panel. Similar negative results occurred during pumping into a right
ventricular artery (RVA) in the right panel. These indicate the mechanical effect of the imVaarterial pulse does not produce pacemaking activity by itself.
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sinus node artery had a similar non-specific mechanical effect, pumping experiments
were conducted into a non-nodal right atrial artery in three dogs, and into either right
or left ventricular arteries in five dogs. In none of these experiments was it possible
to produce either ectopic rhythm or even premature beats through a wide variety of
stroke rates and volumes (Fig. 11). Furthermore when the sinus node was intentionally
arrested with eserine or with propranolol in high concentrations injected into the sinus
node artery, and an escape A V nodal rhythm was established, pulsatile pumping into
the sinus node artery produced no effect with stroke rates and stroke volumes which
had previously entrained the sinus node (Fig. 12).
Since the experiments with atropine demonstrated that there was no cholinergic
mechanism important to the entrainment, in three dogs adrenergic beta-receptors were
blocked with propranolol (1 p-glml injected into the sinus node artery). Upward
entrainment with a faster artificial pulse was completely eliminated (Fig. 13). In two
of these three dogs attempts at entrainment were repeated at approximately five minute
intervals and the entraining response returned in about twenty minutes. This is approximately the duration of action of beta-receptor blockade with these concentrations in
this p r e p a r a t i o n . T h e s e observations suggest that an adrenergic mechanism is
essential to upward entrainment of the sinus node by a faster artificial pulse, and that
local release of catecholamines by each pulse may be the action responsible.
It would have been considered a significant accomplishment if any effect on the
sinus mechanism could have been demonstrated by delivering an artificial pulse into
its artery, including the simple production of single premature beats, since the only
question being tested was whether the pulse could be shown to have any effect whatever on impulse formation. Nodal entrainment required pulsatile perfusion and did not
occur with constant perfusion, a situation analogous to the marked difference in
response by the carotid sinus to pulsatile and non-pulsatile perfusion.""" Because the
question being examined in these experiments with the sinus node was relatively simple,
the admittedly crude methodology seems adequate for the purpose. It is feasible to
construct systems in which the pulse form could be controlled precisely and its rate
and time of delivery synchronized with selected components of either the QRS complex
or some other pulse, such as that in the aorta. With such systems the details of a relationship between pulse and impulse in the sinus node may be defined more accurately,
but it was sufficient for this discussion to establish that such a relation appears to exist.
Discussion
Many of the most important functions in biology are subtle. A relationship between
pulse and impulse in the sinus node is visualized as subtle but important. As has been
indicated previously, there is no question that the pacemaking cells of the sinus node can
form impulses independent of the activity of its artery. There is also no question that strong
adrenergic or cholinergic signals over-ride most other factors in accelerating or slowing
the sinus node (although here their effect on the artery may be part of their net effect
on the node). With the support of experimental evidence as described, it is suggested
that the pulse in the sinus node artery acts as a stabilizing or modulating influence
whereby the sinus node "locks in" as a servomechanism under most circumstances.
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Pulsatile pumping into the sinus node artery has no effect on the rate of non-sinus pacemakers, as
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the same dog during normal sinus rhythm (NSR) succeeded in entrainment in the left panel.
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Abolition of the entraining response by propranolol (PPNL) is demonstrated in the left panel;
preceding successful entrainment in the same dog is shown In the right panel of Figure 8. The
entraining response gradually returned as effect of propranolol wore off, as seen in the right panel.
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Figure 14
This two-channel electrocardiograph was recorded during 2 : 1 atrioventricular block and illustrates
that the non-conducted P waves occur within a shorter PP interval than the conducted P waves.
The leads are V2 (above) and I I , at 50 mm/sec. The significance relative to this report is that
the shorter PP cycle occurs when a pulse can be delivered to the sinus node (during ventricular
contraction), suggesting the pulse may expedite the generation of the impulse.

It is not clear how the pulse influences the formation of impulses in the sinus node,
but several possibilities may be considered. A mechanical action producing stretch
and relaxation within the normally collagenous sinus node has already been indicated
as one possible sequence. The artery being in essence a central core of the sinus node,
any motion by it must of necessity be transmitted to its surrounding node. Such motion
may be either radial, corresponding to dilatation during ventricular systole and contraction during ventricular diastole, or linear for a "tethering" effect.^" In addition to
a direct influence on the geometry of single cells of the sinus node, via the attachments of collagen to both the nodal cells and the artery, there is the possibility of a
wringing action on the structure of the node as a whole. This becomes a particularly
important point when one considers the paucity of sarcoplasmic reticulum in the P
cells, which function as pacemakers within the node.'' For pacemaking activity, any
functionally related physical activity would be particularly significant if it, too, was
cyclic and of the same frequency. The generated impulse and the subsequent pulse
delivered to the impulse-generator might thus act as a stable self-perpetuating system,
under normal resting conditions.
In regard to the collagenous structure of the sinus node, it should be pointed out
that this feature is particularly the case in adult hearts and much less so in the infant
and young child (Fig. 5). The amount of collagen in the normal adult sinus node
is so large that its tinctorial properties are a useful means for rapidly identifying the
sinus node on a histologic slide. The heart rate of infants and young children is considerably less stable than that of adults, and the wide swings in rate associated with respiration ("sinus arrhythmia") are typical in the young but rare in the adult. One of
the factors responsible for increasing stability of sinus rhythm and rate in the adult
heart may be the increased density of the node as its collagen content normally increases, causing the modulating influence of the included artery to become more
significant. That such stabilizing modulation is important to sustained normal sinus
rhythm is emphasized by the recent studies of Brooks et aF'"" demonstrating that the
abruptly stopped sinus node requires a warmup period before regaining its basic
rate again.
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The structure of the sinus node as a cuff about its artery resembles a core magnet
coiled about a conducting rod. It is also similar lo many recently devised cuff-type
electromagnetic flow meters. With these two physical analogies, one may consider
the possible influence of electrical potential within the smooth muscle cells of the
tunica media of the artery"'^' on cells of the surrounding node. It is conceivable that
the action potential in smooth muscle cells, running in sequence longitudinally along
the artery coincidental with the pulse front or in some relation to it, may influence
the cells of the sinus node as they generate an impulse. For example, the potential
in the wall of the artery may act as a synchronizing influence on multiple possible
pacemaking sites within the sinus node.
There are many examples in clinical electrocardiography which would be difficult
to explain if one considered the pulse as the principal determinant of impulse formation,
but that is not the consideration. During complete A V block, for example, every
ventricular contraction it might be thought should elicit the generation of a sinus
impulse. However, several additional circumistances enter into this potential relationship.
First, the atrial myocardium during complete A V block usually contracts independently
of the ventricular contraction, making the time of maximal resistance in atrial arteries
(including the sinus node artery) during isovolumetric contraction out of phase with
resistance in ventricular arteries; it is probable that this factor considerably modifies
the potential modulating influence of a pulse in the sinus node artery. On the other
hand, there does tend to be a synchronization of atrial and ventricular impulse generation during complete A V block,''"" despite the absence of atrioventricular conduction.
For this type of acchrochage the pulse in the sinus node artery may be partially
responsible. Even in incomplete A V block (e.g. 2 ; 1) the non-conducted beat often
occurs within a shorter time than the interval to the next conducted beat (Fig. 14).
Although there are a number of other possible explanations for this phenomenon,
(ventriculophasic arrhythmia) one may consider that the pulse into the sinus node artery
was delivered prior to the origination of the P wave which occurred early, but was not
delivered prior to the P wave which took longer to originate.

Some years ago Geraudel'" suggested that both atrial and ventricular contractions were the consequence of stimulation of the sinus node and A V node,
respectively, by a pulse front. He attributed the later ventricular contraction to the
longer time it took for the pulse to reach the A V node, the blood supply of which was
further downstream than that of the sinus node. There are a number of flaws in his
considerations which can now be defined with current knowledge of intra-atrial and
atrioventricular conduction obtained with direct electrographic recordings. Furthermore,
neither the human nor canine A V node is anatomically so constructed" " as likely to
be influenced by a pulse front. But the current evidence suggests that his concept may
be partially valid concerning function of the sinus node — although not to the extent
he visualized, wherein the entire impulse generation was attributed to the pulse.
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For many years physicists and mathematicians have been fascinated by the resemblance of the heart beat to the behavior of an electronic relaxation oscillator.""™
In experiments with direct perfusion of the sinus node this behavior was particularly
apparent during transitions from sinus rhythm to A V nodal rhythm and the reverse."
These observations were a biologic demonstration of principles delineated by Grant,"
utilizing an electronic relaxation oscillator to simulate the function of the A V node.
Subsequently, two electronic relaxation oscillators have been coupled in such a fashion
as to simulate the pacemaking function of both the sinus node and A V node.""
The purpose of these electronic experiments was to demonstrate that the normal cardiac
pacemakers (sinus node and A V node) behave in the same way as coupled relaxation
oscillators, and that the behavior can be considered in highly specific terms of physics
and mathematics.

Whether the sinus node and A V node in .situ and in vivo can be considered identical
to electronic relaxation oscillators is another question. Most properties of the electronic
model, such as graded excitability, fixed firing threshhold, and frequency entrainment,
are also properties of the biologic structures. However, although there is no problem
in understanding how the normal sinus impulse reaches the A V node to entrain it and
produce synchronization, for two relaxation oscillators to couple it is necessary that
there be a closed loop in both directions. It is difficult to visualize in the heart how the
second limb of the internodal loop could exist as conduction, i.e. conduction from the
AV node to the sinus node under normal conditions of sinus rhythm. I f all relationships
between the sinus node and AV node were electrical, to consider them as coupled
relaxation oscillators would require regular beat-to-beat bidirectional conduction between
the two.
There is no reason why the coupling to make the sinus node and A V node behave
as relaxation oscillators need be entirely electrical. To satisfy the mathematical requirements, any functional connections producing effective influence by one oscillator on
the other, and vice versa, will suffice. This means conduction from sinus node to A V
node could be another mechanism, such as the pulse. Thus, the first limb of the coupling
from sinus node to A V node would be electrical conduction and the other limb from
AV node to sinus node would be a fluid (blood) pulse wave. For this purpose, both
the electrical and mechanical activity of the A V node and both ventricles would be
considered as a single unit. Such a possibility was anticipated in 1934 by Eccles and
Hoff," who concluded on the basis of their studies that a regular non-electrical event
must precede electrical discharge by the sinus node. Actually, one can visualize certain
safety advantages in the construction of a system in which two different modalities of
coupling exist. Since it has been demonstrated that pacemaking by the sinus node can be
influenced by the pulse in its artery, and since under normal circumstances generation
of a transmitted sinus impulse must inevitably be followed at a fixed regular interval
by the delivery of a pulse back to the sinus node, this seems both a logical and effective
means for a feedback signal to the node.
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ABSTRACT
A concept that generation of an impulse by the sinus node is significantly influenced by
the pulse within its artery is presented on the basis of anatomic, physiologic and pharmacologic,
and mathematical and physical evidence. The anatomic evidence includes the consistent
presence of a disproportionately large central artery within the human and canine sinus node,
and the proximity of this artery to the central aorta. Physiologic and pharmacologic evidence
obtained in experiments on anesthetized dogs includes an inverse relationship between caliber
of the sinus node artery and the rate of impulse formation, and a demonstration that the
sinus node can be entrained by an artificial pulse delivered into its artery at a higher rate.
Physical and mathematical evidence includes the analogy of the sinus node to a relaxation
oscillator, in which the forward limb of a closed loop is normal atrioventricular conduction,
while the other limb of this loop is the pulse in the sinus node artery. The sinus node thus
acts as a servomechanism. Several possible mechanisms by which the intranodal pulse may
influence pacemaking activity by cells of the sinus node are discussed.

REFERENCES
1. Keith, A., and Flack, M . : The form and nature of the muscular connections between the primary
divisions of the vertebrate heart, / Anat Physiol 41:172-89, 1907.
2. Hoffman, B.F., and Cranefield, P.P.: Electrophysiology of the Heart. New York: McGraw-Hill
Book Co., 1960.
3. Weidmann, S.: Elektrophysiologie der Herzmuskelfaser. Berne: Hans Huber, 1956.
4. Coraboeuf, E.: Electrogenese cardiaque chez les vertebres. J Physiol (Paris) 52:323-417, 1960.
5. Takayasu, M.: The disturbance of stimulus conduction. Jap Circ J 25:191, 1961.
6. Trautwein, W., and Kassebaum, D.G.: On the mechanism of spontaneous impulse generation in
the pacemaker of the heart, J Gen Physiol 45:317-30, Nov 1961.
7. Hutter, O.F., and Noble, D.: Anion conductance of cardiac muscle, J Physiol 157:335-50, Jul
1961.
8. Kawamura, K.: Electron microscope studies on the cardiac conduction system of the dog. I I . The
sinoatrial and atrioventricular nodes, Jap Circ J 25:973-1013, Oct 1961.
9. Hayashi, K.: An electron microscope study on the conduction system of the cow heart, Jap
Circ J 26:765-842, Oct 1962.
10. Torii, H.: Electron microscope observations of the S-A and A-V nodes and Purkinje fibers of
the rabbit. Jap Circ J 26:39, 1962.
11. Trautwein, W.. and Uchizono, K.: Electron microscope and electrophysiologic study of the pacemaker in the sino-atrial node of the rabbit heart, Z Zellforsch 61:96-109, Oct 8, 1963.
12. James, T.N., Sherf, L., Fine, G., and Morales, A.R.: Comparative utlrastructure of the sinus node
in man and dog, Circulation 34:139-63, Jul 1966.
13. Patten, B.M.: Initiation and early changes in the character of the heart beat in vertebrate embryos,
Physiol Rev 29:31-47, Jan 1949.
14. James, T.N.: Anatomy of the human sinus node, Anat Rec 141:109-39, Oct 1961.
15. James, T.N.: Anatomy of the sinus node of the dog, Anat Rec 143:251-65 Jul 1962.
16. James, T.N.: Anatomy of the sinus node, AV node and os cordis of the beef heart. Anat Rec
153:361-4, Dec. 1965.
17. James T.N.: Anatomy of the cardiac conduction system in the rabbit. Circ Res 20:638-48, Jun
1967.
18. James, T.N.: Cardiac innervaUon—Anatomic
Med in press.

and pharmacologic relationships. Bull N.Y. Acad

296

Pulse and Impulse in the Sinus Node
19. James, T.N.: Cholinergic mechanisms in the sinus node with particular reference to the actions
of hemicholinium, Circ Res 19:347-51, Aug 1966.
20. James T.N., and Spence C.A.: Distribution of cholinesterase within the sinus node and AV node
of the human heart, Anat Rec 155:151-61, Jun 1966.
21. James, T.N.: Anatomy of the Coronary Arteries, New York: Paul B. Hoeber, Inc., 1961.
22. Soderstrom, N.: Myocardial infarction and mural thrombosis in the atria of the heart. Acta Med
Scandinav (Suppl 217) 132:1-114, 1948.
23. James, T.N., and Nadeau, R.A.: Direct perfusion of the sinus node: an experimental model for
pharmacologic and electrophysiologic studies of the heart, Henry Ford Hosp Med Bull
10:21-25, Mar 1962.
24. James, T.N., and Nadeau, R.A.: Sinus bradycardia during injections directly into the sinus node
artery, Amer J Physiol 204:9-15, Jan 1963.
25. James, T.N., and Nadeau, R.A.: Relation of retrograde pressure in the sinus node artery to sinus
tachycardia from stellate stimulation, J Lab Clin Med 62:777-86, Nov 1963.
26. James T.N., and Nadeau, R.A.: The effects of vagal stimulation, eserine and atropine on retrograde pressure in the sinus node artery, Henry Ford Hosp Med Bull 12:23-36, Mar 1964.
27. Hashimoto, K.; Tanaka, S.; Hirata, M.; and Chiba, S.: Responses of the sino-atrial node lo
change in pressure in the sinus node artery, Circ Res 21:297-304, Sept 1967.
28. Carbonell, L.M.: Esterases of the conductive system of the heart, J Histochem Cytochein 4:87-95,
Mar 1956.
29. Gensini, G.G., Palacio, A., and Buonanno, C : Fistula from circumflex coronary artery to
superior vena cava. Circulation 33:297-301, Feb 1966.
30. Agusti, R.; Liebman, J.; Ankeney, J.; MacLeod, C.A.; Linton, D.S., and Wiltsie, R.: Congenital
right coronary artery to left atrium fistula, Amer J Cardiol 19:428-33 Mar 1967.
31. Taber, R.E.; Gale, H.H.; and Lam, C.R.: Coronary artery—right heart fistulas, J Thorac Cardiov
Surg 53:84-92, Jan 1967.
32. James, T.N., and Nadeau, R.A.: A study of retrograde pressure and pulse in the sinus node artery,
Amer Heart J 66:343-52, Sept 1963.
33. Gregg, D.E.; Green, H.D.; and Wiggers, C.J.: Phasic variations in peripheral coronary resistance
and their determinants, Amer J Physiol 112:362-73, Jun 1935.
34. Gregg, D.E.: Coronary Circulation in Health and Disease. Philadelphia: Lea & Febiger, 1950
35. James, T.N., and Nadeau, R.A.: Chronotropic and vagal-blocking effects of DCl studied by direct
perfusion of the sinus node, J Pharmacol Exp Ther 140:73-8, Apr 1963.
36. James, T.N., and Nadeau, R.A.: The chronotropic and vagal-blocking actions of naphthylisoproterenol studied by direct perfusion of the sinus node, J Pharmacol Exp Ther 143:350-5
Mar 1964.
37. Bozler, E.: The initiation of impulses in cardiac muscle, Amer J Physiol 138:273-82 Jan 1942.
38. Bozler, E.: Tonus changes in cardiac muscle and their significance for the initiation of impulses,
Amer J Physiol 139:477-80, Jul 1943.
39. Bozler, E.: Initiation of contraction in smooth muscle, Physiol Rev (Suppl 5): 42:179-92, Jul 1962.
40. Brooks, C. M c C ; Lu, H. H.; Lange, G.; Mangi, R.; Shaw, R.B.; and Geoly, K.: Effects of
localized stretch of the sinoatrial node region of the dog heart, Amer J Physiol 211:1197-202
Nov 1966.
41. Paff, G.H.; Boucek, R.J.; and Glander, T.P.: Acetylcholinesterase-acetylcholine, an enzyme system
essential to rhythmicity in the preneural embryonic chick heart, Anat Rec 154:675-83, Mar
1966.

297

James
42. LeGrande, M . C ; Paff, G.H.; and Boucek, R.J.: Initiation of vagal control of heart rate in the
embryonic chick, Anat Rec 155:163-66, June 1966.
43. Harrison, D.C.; Kleiger, R.E.; and Merigan, T.C: Action of isoproterenol on heart cells in tissue
culture, Proc Soc Exp Biol Med 124:122-6, Jan 1967.
44. Amory, D.W., and West, T.C: Chronotropic response following direct electrical stimulation of the
isolated sinoatrial node: a pharmacologic evalution, / Parmacol Exp Ther 137:14-23, Jul 1962.
45. Reynolds, E.W., Jr., and Weller, D.A.: An experimental study of the electromotive forces of the
heart, Amer Heart J 69:56-61, Jan 1965.
46. Bronk, D.W., and Stella, G.: Afferent impulses from single end organs in the carotid sinus,
Proc Soc Exp Biol Med 29:443-5, Jan 20, 1932.
47. McCrea, F.D., and Wiggers, C.J.: Rhythmic arterial expansion as a factor in the control of heart
rate, Amer J Physiol 103:417-31, Feb 1933.
48. Ead, H.W.; Green, J.H.; and Neil, E.: A comparison of the effects of pulsatile and non-pulsatile
blood flow through the carotid sinus on the reflexogenic activity of the sinus baroceptors in
the cat, J Physiol 118:509-19, Dec 1952.
49. Heymans, C, and Neil, E.: Reflexogenic Areas of the Cardiovascular System, Boston: Little,
Brown and Co., 1958, pp. 76-81.
50. Patel, D.J., and Fry, D.L.: Longitudinal tethering of arteries in dogs, Circ Res 19:1011-21, Dec.
1966.
51. Brooks, C. McC; Gilbert, J.L.; and Janse, M.J.: Failure of integrated cardiac action at supernormal heart rates, Proc Soc Exp Biol Med 117:630-4, Nov 1964.
52. Lange, G.: Action of driving stimuli from intrinsic and extrinsic sources on in situ cardiac pacemaker tissues, Circ Res 17:449-59, Nov 1965.
53. Lu, H.H.; Lange, G.; and Brooks, C.McC: Factors controlling paceniaker action in cells of the
sinoatrial node, Circ Res 17:460-71, Nov. 1965.
54. Funaki, S.: Spontaneous spike-discharges of vascular smooth muscle. Nature 191:1102-3, Sept 9
1961.
55. Funaki, S., and Bohr, D.F.: Electrical and mechanical activity of isolated vascular smooth muscle
of the rat. Nature 203:192-4, July 11, 1964.
56. Johansson, B., and Bohr, D.F.: Rhythmic activity in smooth muscle from small subcutaneous
arteries, Amer J Physiol 210:801-6, Apr 1966.
57. Nakajima, A., and Horn, L.: Electrical activity of single vascular smooth muscle fibers, Amer J
Physiol 213:25-30, Jul 1967.
58. Segers, M . : Les phenomenes de synchronisation au niveau du coeur. Arch Int Physiol 54:87, 1946.
59. Marriott, H.J.L.: Atrioventricular synchronization and acchrochage, Circulation 14:38-43 Jul 1956.
60. Geraudel, E.: The Mechanism of the Heart and Its Anomalies: Anatomical and Electrocardiographic Studies, Baltimore: Williams & Wilkins Co., 1930.
61. James, T.N.: Morphology of the human atrioventricular node, with remarks pertinent to its
electrophysiology, Amer Heart J 62:756-71, Dec 1961.
62. James, T.N.: Anatomy of the A-V node of the dog, Anat Rec 148:15-27, Jan 1964.
63. Van der Pol, B.: Relaxation oscillators. Phil Mag 2:978, 1926.
64. Van der Pol, B., and Van der Mark, J.: Frequency demultiplication. Nature. 120:363, 1927.
65. Van der Pol B., and Van der Mark, J.: The heart beat considered as a relaxation oscillation,
and an electrical model of the heart, Phil Mag 6:763, 1928.

298

Pulse and Impulse in the Sinus Node
66. Bethe, A.: Die biologischen Rhythmus-Phanomene als selsbstiandige bzw. erzwungene Kippvorgiinge betrachtet. Arch Ges Physiol 244:1-42, 1940.
67. Van der Pol, B.: Biological rhythms considered as relaxation oscillations. Acta Med Scand
Suppl 108:76-88, 1940.
68. Pittendrigh, C.S.: Circadian rhythms and the circadian organization of living systems. Cold Spring
Harbor Symposia on Quantitative Biology 25:159-84, 1960.
69. Iberall, A.S., and Cardon, S.Z.: Control in biological systems—a physical review. Ann NY Acad
Sc 117:445-518, 1964.
70. Moulopoulos, S.D.; Kardaras, N.: and Sideris, D.A.: Stimulus-response relationship in dog ventricle in vivo, Amer J Physiol 208:154-7, Jan 1965.
71. Nadeau, R.A., and James T.N.: The behavior of atrio-ventricular nodal rhythm following direct
perfusion of the sinus node, Canad J Physiol Pharmacol 44:317-24, Mar 1966.
72. Grant, R.P.: The mechanism of A-V arrhythmias, with an electronic analogue of the human
A-V node, Amer J Med 20:334-44, Mar 1956.
73. Roberge. F.A., and Nadeau, R.A.: Simulation of sinus node activity by an electronic relaxation
oscillator. Canad J Physiol Pharmacol 44:301-15, Mar 1966.
74. Roberge, F.A.: Nadeau, R.A.; and James, T.N.: The nature of the PR interval, Cardiovasc Res
in press.
75. Eccles, J.C, and Hoff, H.E.: The rhythm of the heart beat; location, action potential, and
electrical excitability of the pacemaker, Proc Royal Soc (London) 115:307-27, Jul 2, 1934.

299

